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The Central American Seaway played a pivotal role in shaping global climate throughout the late Cenozoic.
Recent geological surveys have provided new constraints on timing of the seaway shoaling, while neodymium
isotopic (εNd) data measured on fossil teeth, debris, and ferromanganese crusts have helped define the history
of water masses in the region. Here we provide the first 3-D simulations of εNd responses to the shoaling seaway.
Ourmodel suggests that a narrow and shallow seaway is sufficient to affect interoceanic circulation, that inflow/
outflow balance between the Caribbean and the Antilles responds nonlinearly to sill depth, and that a seaway
narrower than 400 km is consistent with an active Atlantic meridional overturning circulation during the late
Miocene. Simulated εNd values in the Caribbean confirm that inputs from radiogenic Pacific waters in the
Caribbean decrease as the seaway shoals. Despite model limitations, a comparison between our results and εNd
values recorded in the Caribbean helps constrain the depth of the Central American Seaway through time, and
we infer that a depth between 50 and 200m could have been reached 10Ma ago.

1. Introduction

The uplift and closure of the Central American Seaway (CAS, defined here as the seaway along the tectonic
boundary between the South American plate and Panama microplate) is a critical event in Cenozoic biotic
and climatic history. Connection between the two Americas allowed floral and faunal exchange starting in
the Miocene [Kirby and MacFadden, 2005; Pennington and Dick, 2004;Weir et al., 2009, Jaramillo et al., in press]
and culminating with the Great American Biotic Interchange [Webb, 2006] 2.6–2.7Ma ago (hereafter Ma),
merging terrestrial mammal communities that previously evolved on either side of the Panamanian isthmus
[Leigh et al., 2013; MacFadden, 2006]. Theoretically, closure of the gateway between the Pacific and Atlantic
Oceans likely had numerous climatic consequences, including reinforcement of Atlantic meridional
overturning circulation (hereafter AMOC) and associated heat transport [Maier-Reimer et al., 1990]. However,
the precise timing of the uplift and final closure of the isthmus, as well as the paleogeography of the region,
have long been debated [Coates and Stallard, 2013; Molnar, 2008; Stone, 2013].

The first marked divergence between Caribbean and Pacific benthic foraminiferal faunas has been attributed
to a thousand meter uplift of the sill between 12 and 10Ma [Duque-Caro, 1990], corresponding to the collision
of the Central American volcanic arc and South America [Coates et al., 2004, Figure 8b] that shut off deep-
water flow across the isthmus [Montes et al., 2012a, 2012b]. Shallow water exchange continued along seg-
ments of Panama north and south of the collision zone between Panama and South America until 3.5Ma,
when all communication ceased [Molnar, 2008, and references therein].

Recent geological field studies provide new constraints on the paleogeographic evolution of this region.
Geologic mapping, as well as analytical data such as U/Pb geochronology of magmatic and detrital zircons,
thermochronology, and paleomagnetic analyses [Montes et al., 2012a, 2012b], suggest that the Isthmus
started to emerge in the middle Eocene and that by early Miocene times the Central American Seaway was
constricted to 200 km. These data combined with earlier studies [Kirby and MacFadden, 2005] also indicate
that Central America, including the eastern part of the isthmus, had a continuous land connection to North
America since the early Miocene. Tectonic closure, starting at 20Ma [Farris et al., 2011], would have hindered
deep-water circulation soon after. Analogously, the complex collision zone of the Banda Arc with Australia,
which took place during the late Neogene [Hall and Wilson, 2000; Harris, 1991], is characterized by multiple
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shallow-water gateways (< 200m deep), and one arc-parallel deeper-water passage (Timor Trough, ~1200m)
that effectively blocks circulation of warm south Pacific waters into the Indian Ocean [Jochum et al., 2009;
Cane and Molnar, 2001].

In addition, growing studies of the isotopic composition of Neodymium isotopes (εNd), a quasi-conservative
tracer of water masses [Frank, 2002], provide unique information on the evolution of water exchange through
the CAS during the last 20Ma. εNd values of waters from the Pacific and the Caribbean are highly distinct, and
measurements made on fossil fish teeth and debris [Newkirk and Martin, 2009] and ferromanganese crusts
[Frank et al., 1999; Reynolds et al., 1999] from both basins have been interpreted to show throughflow of
Pacific into the Caribbean that started to decrease by the late Miocene. Despite numerous modeling studies
(see section 3), there are ongoing questions regarding the interpretation of these data, and climate simula-
tions with realistic paleogeographic constraints have been lacking. This is a concern because the extent of
throughflow likely depends on the latitudinal position and orientation of the CAS. No study has yet addressed
the behavior of the throughflow with a narrow, south-north oriented seaway, similar to the new model for
the Miocene [Montes et al., 2012b]. Other key questions include the following: What is the relationship be-
tween sill-depth and water masses exchange through the seaway? Does the width of the seaway play a role
in the throughflow and recorded εNd values? Can model results provide new constraints to interpret the εNd
data and improve our understanding of the timing of CAS shoaling?

The present paper aims at answering some of these questions by reporting numerical simulations of εNd
values that take into account new geological constraints on CAS width and tests of the global climate re-
sponse to different sill depths. Our aims are the following: (i) to provide the community with general circu-
lation model (GCM) simulations forced by a configuration of the CAS different from previous hypotheses, (ii)
to use actual coupled ocean–atmosphere dynamic constraints to help interpret the εNd record, and (iii) to
assess the capability of a direct model-proxy comparison to better constrain the chronology of CAS closure.

2.1. Methods

We use the Institut Pierre-Simon Laplace coupled ocean–atmosphere general circulation model (IPSLCM4)
[Marti et al., 2009]. The atmospheric component is the LMDZ (Laboratoire de Météorologie Dynamique)
model [Hourdin et al., 2006], which is run at a longitude-latitude resolution of 3.75° × 2.5° with 19 vertical
layers. The soil-vegetation component is based on ORCHIDEE [Krinner, 2005], which describes the processes
of water and energy exchange between the biosphere and the atmosphere, as well as a routing scheme for
water in soils. The ocean component is the OPA8.2 system, which is based on the primitive equations of
global and regional ocean circulation [Madec and Imbard, 1996]. There is no flux correction in the coupling,
which has been shown to be crucial to improve the reliability of coupled processes, and to avoid multiple
steady states [Dijkstra and Neelin, 1995].

The ocean grid is based on a 2° Mercator mesh, with a 1° (~110 km) latitudinal resolution refinement near the
equator. The mesh is tripolar, with two poles set on continents in the Northern Hemisphere in order to avoid
numerical instabilities and filtering at high latitudes and ensure an anisotropy ratio of 1 almost everywhere.
As described in Swingedouw et al. [2007], vertical eddy diffusivity (Kz) and viscosity coefficients are computed
from a 1.5 turbulent closure scheme based on a prognostic equation for the turbulent kinetic energy [Blanke
and Delecluse, 1993]. A minimum of 0.1 cm2.s�1 is imposed on the computed Kz. This value is reached in al-
most all of the deep ocean, except in the case of static instability when both diffusivity and viscosity coeffi-
cients are increased to 100m2 s�1. The free surface formulation of Roullet and Madec [2000] is used to ensure
salt conservation. Since the typical scale of eddies (50 km) is much smaller than grid resolution, their impact
must be parameterized using the Gent and McWilliams [1990] parameterization of velocity with a coefficient
that depends on the growth rate of baroclinic instabilities (varying from 15 to 3000m2 s�1). The eddy vis-
cosity coefficient of momentum depends on the geographical position. It is taken as 40,000m2 s�1, reduced
to 2000m2 s�1 in the equator regions except near the western boundaries. Lateral diffusion acts along the
isopycnal surfaces and the eddy diffusivity coefficient is uniform at 2000m2 s�1.

The IPSLCM4 model has been widely used in intercomparison studies within the Paleoclimate Modelling
Intercomparison Project framework [Braconnot et al., 2007] and for the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change report [e.g., Arzel et al., 2006]. Here we present only a few key
characteristics of the model that are critical for this study. The model performs well in the tropics for both
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seasonal and interannual variability, and El Niño–Southern Oscillation amplitude [Marti et al., 2009]. Sea surface
temperature biases do not exceed 1 °C in the Caribbean Sea. Sea ice extent is correctly simulated, with a small
eastward extent bias east of Greenland, linked to the eastward shift of the convection sites [Swingedouw et al.,
2007]. However, the simulated AMOC, with maximum values of about 11–12 Sv, places IPSLCM4 among the
coupled GCMs that simulate the lowest values in the IPCC AR4 report [Schneider et al., 2007] and reflects the
underestimation of the oceanmeridional heat transport. This bias is mainly due to the atmospheric component,
as atmospheric westerlies are shifted equatorward and prevent a strong ocean circulation, salt transport, and
deep convection in the Labrador Sea [Marti et al., 2009]. A second factor is a strong bias in the E� P (Evaporation
minus Precipitation) budget between 45°N and 50°N, with overestimated precipitation and underestimated
evaporation, ultimately decreasing the sea surface salinity at this location.

Montes et al. [2012a, 2012b] suggest that a long peninsula connecting Panama to North America was above
sea level since the early Miocene (ca. 23–17Ma) and that the CAS was already reduced to a narrow seaway of
200 km (Figure 1a) at that time. Here we modified the 2° bathymetry of our model to account for these
geological constraints. The best trade-off between these data, the model resolution, and the limitation of
having at least two grid boxes to represent ocean dynamics in the seaway, is a ca. 400 km longitudinal
opening at ~8°N (Figures 1b and 1c). We performed a control (CTL) experiment with present-day bathymetry,
greenhouse gases concentrations, and insolation (Table 1), and an open-isthmus experiment (CAS2700) with
the modified paleogeography described above and a sill depth set at 2700m below sea level. The control
simulation was run for 770 years and CAS2700 was integrated for 1000 years. Results are presented as
100 year averaged climatologies made after 670 years of run time. This experiment is characterized by a
typical AMOC, with an overturning index averaging 11.106m3.s�1 (i.e., 11 Sverdrups, hereafter Sv), a value
that is in the range of fully coupled GCMs used in the last IPCC AR4 report [Schneider et al., 2007]. Having
constrained the CAS width, we aimed to test the response of the global climate system to CAS depth by
performing simulations with the same horizontal configuration but with sills ranging from 2700m to 50m. A
simulation with a 500m sill (CAS500) was integrated for 400 years, starting from the equilibrated CAS2700.
In turn we used the equilibrium of CAS500 to initiate simulations with shallower sills, at 200m (CAS200) and
50m (CAS50), respectively, which were each run for an additional 300 years.

Craton

Caribbean plate

Farallon plate

B C

Figure 1. (a) Paleogeographic reconstruction of the region of interest during the early Miocene suggesting a narrow (~200 km) Central
American Seaway. Modified from Montes et al. [2012a]. (b) Marginal εNd values in the CAS region (left) interpolated from [Jeandel et al.,
2007] and used as boundary conditions for model simulations. The yellow stars indicate two open gridpoints that provide the best repre-
sentation of isthmus reconstruction from [Montes et al., 2012a] (c) Bathymetry (meters) for the CAS region projected on the IPSLCM4 2° grid.
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We used equilibrated oceanic dynamical climatologies from our IPSLCM4 experiments to simulate offline the
Nd isotopic composition following the approach proposed by Arsouze et al. [2007], that provides successful
results for both modern and past climate εNd simulations [Arsouze et al., 2007; Arsouze et al., 2008]. Nd con-
centrations observed in the modern open ocean range from 15 to 35 pmol/kg [Lacan et al., 2012]. As a first
approach, we held the Nd concentration constant, and only modeled variations in Nd isotopic compositions,
described as εNd. More advanced modeling studies including both Nd concentration and isotopic composition
have already been performed for the modern ocean [Arsouze et al., 2009; Grenier et al., 2013; Jones et al., 2008;
Rempfer et al., 2011; Siddall et al., 2008], but the required set up ismore complex (for example, one needsmarine
particle fields generated by biogeochemical models that are not available in IPSLCM4). More importantly, such
an approach involves more uncertainties related to modern and past variations of sources and therefore is not
relevant within the framework of a bathymetry change sensitivity case study. Here εNd is treated as a passive
conservative tracer in the ocean and is implemented in an “ off-line ” transport model (using the 100 years
climatological fields averaged after 670 years of simulation), where it follows the classical transport equation:

∂εNd
∂t

¼ S εNdð Þ � U�∇εNd þ ∇� K∇εNdð Þ

where S(εNd) is the source minus sink (SMS) term, the second and last right-hand terms are the three-dimensional
advection and both lateral and vertical diffusion of εNd, respectively. The boundary exchange (BE) process is
considered as the main source of Nd into the ocean [Arsouze et al., 2007] and therefore is the only SMS term
taken into account here. It is parameterized by a relaxing equation that restores the initial εNd signature of a
water mass entering in contact with any margin toward the value of this margin:

S εNdð Þ ¼ 1
τ � εNdm argin � εNd
� ��maskmargin

�

where τ is the characteristic relaxing time of BE, εNdmargin is the relaxing value, εNd is the isotopic composition of sea-
water, and maskmargin is the fraction of margin in the grid cell of the model. τ is taken as varying vertically from 6
months at the surface, to 10 years at depth, as this parameterization gives the best results for previous simulations
[Arsouze et al., 2007]. maskmargin denotes the proportion of surface in the grid where BE process effectively occurs,
and has been estimated from the high-resolution bathymetry ETOPO-2 with values ranging between 0 and 1. The
depth limit for BE on the margin has been chosen at 3000m depth [Boillot and Coulon, 1998]. All off-line
simulations are initialized with a uniform εNd and run for 4000 years.

3. Results
3.1. IPSLCM4 Response to an Open CAS Compared to Other Models

Since the early 1990s, more than 20 climate modeling experiments have been carried out to quantify the
impact of an open CAS on climate [e.g., Fedorov et al., 2013; Klocker et al., 2005; Lunt et al., 2008; Maier-Reimer
et al., 1990; Mikolajewicz and Crowley, 1997; Mikolajewicz et al., 1993; Motoi et al., 2005; Murdock et al., 1997;
Nisancioglu et al., 2003; Prange and Schulz, 2004; Schneider and Schmittner, 2006; Steph et al., 2006, 2010; von
der Heydt and Dijkstra, 2005; 2006; Zhang et al., 2012]. Quantitative comparison of the results of these studies
is difficult because of (i) the diversity of models used (from Ocean models forced by present-day atmospheric
fields, to Earth system Models of Intermediate Complexity (EMICs), to fully coupled GCMs) and diverging

Table 1. Experimental Design and Results From Simulations

Experiments
Boundary
Conditions

Initial
State of the

Ocean

Simulation
Length
(years)

εNd
Simulation
Length

Seaway
Width
(km)

Seaway
Depth
(m)

AMOC
Index
(Sv)

Eastward Volume
Transport
in CAS (Sv)

Westward
Volume Transport

in CAS (Sv)

Simulated
eNd in the
Caribbean

CTL

pCO2: 348
ppmv,

modern orbital
parameters

Levitus (1982)
climatology

770

4000

Closed Closed 11.6 - - �5.9

CAS2700 Levitus (1982)
climatology

1000

400

2768 2.4 14.9 7.3 �2.1

CAS500 Equilibrated
CAS2700

400 512 3.9 12 5.9 �2.6

CAS200 Equilibrated
CAS500

300 217 4.4 6.4 4.4 �3.5

CAS50 Equilibrated
CAS500

300 55 2.5 0.09 3.5 �5.2
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resolutions, parameterizations and boundary conditions, and (ii) themultiplicity of open CAS configurations, with
width varying from ca. 3000 km to 200 km, and depth varying from 50 to 5000m. In 2012, Zhang et al. ran the
first intercomparison study among seven different climate models, focusing on Atlantic Meridional Overturning
Circulation (AMOC) and equatorial Pacific thermocline changes with an open seaway. Here we have computed
(Table 2) these results together with earlier studies and analyzed how IPSLCM4 behaves compared to other
models, with a focus on fully coupled GCMs (i.e., those including interaction between ocean and atmosphere).

Although climate models all simulate a decrease of AMOC intensity when an open CAS is prescribed (as in-
dicated by positive values in Figure 2), responses as a function of CAS depth amongst models are scattered. In
our case, the simulated AMOC decrease for seaway depths ranging from 200m to 2700m are comparable to
other CGCMs such as CCSM3 and HadCM3 (Figure 2). Still, absolute values ranging from 2.4 to 4.4 Sv indicate
very weak AMOC activity and a nonlinear relationship with CAS depth. Interestingly, the shallow isthmus
(50m) experiment also shows a strong AMOC decrease, although the dynamical mechanisms involved are
different from deep-open cases (see section 3.2). Open-isthmus experiments also provide a deeper thermo-
cline (+20 m averaged over the region 150°W–90°W, 5°N–5°S, not shown) in the eastern tropical Pacific, a
result consistent with CGCMs results presented in Zhang et al. [2012].

3.2. Caribbean Dynamics With Various CAS Depths

The CTL experiment depicts a total inflow in the Caribbean Sea of 18.3 Sv through the passage south of the
Greater Antilles, and an outflow of the same value (modulo Evaporation-Precipitation + Runoff balance) in the
Florida Strait (Figures 3a and 3e). These values are below data estimates of 28 Sv [Johns et al., 2002]. This
underestimation is likely linked to the slow AMOC, but also to the coarse resolution of our model, that pre-
vents accurate representation of the actual geography of the Antilles Arc and associated passages, especially
the windward passage that is supposed to add an inflow of 3 to 9 Sv to the Caribbean [Johns et al., 2002].

The deep opening of the seaway generates a third pathway for Caribbean waters, with a surface branch of
the inflow being driven westward by surface winds into the open CAS and ultimately into the equatorial
Pacific (Figure 3b), leading to a westward volume transport of 7.2 Sv between the surface and 120m. This
result is consistent with previous fully coupled simulations [Lunt et al., 2008], but differs from other studies
[Nisancioglu et al., 2003; Schneider and Schmittner, 2006] that suggest eastward flow over the entire water
column as a response to the interoceanic steric height gradient. These differences can be linked to the ab-
sence of full-dynamical ocean–atmosphere coupling in the latter studies, which prevents the positioning of
strong surface winds over the seaway that drive surface flow. At intermediate depths, the circulation through

Figure 2. Response of AMOC to opening of CAS to prescribed depths in various climate models, as quantified by the AMOC index anomaly
between closed and open experiments. Results from this study are highlighted in red.
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the seaway is reversed (Figures 3c and 3d and Figure 4a), and the eastward volume transport amounts to
14.8 Sv. Thus, the overall net (i.e., integrated over the entire column) volume transport is 7.6 Sv and directed
from the Pacific to the Atlantic. In every open-isthmus experiment except CAS50, an extension of the Pacific
Equatorial Under Current (hereafter EUC) reaches the Colombian coast north of the equator, crosses the CAS

E
Water 

transport 
(Sv)

CAS

Antilles

Florida Strait

CAS 
depth 
(m)

CTL_Surface CAS2700_Surface

CTL_500m CAS2700_500m 

A B

C D

Figure 3. (a and c ) Simulated annual salinity (contours) and current speed (arrows) for CTL and (b and d) CAS2700 experiments at surface
(Figures 3a and 3b) and 500m (Figures 3c and 3d). E. Water fluxes (Sv) as a function of CAS depth prescribed in the five simulations and
computed in the three Caribbean region gateways, namely, the Florida Strait, the Antilles, and the CAS (indicated by black rectangles on
Figure 3b). Positive (negative) values indicate inflow to (outflow from) the Caribbean.
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between 100 and 500 m deep, and flows into the tropical Atlantic following the South American coast, a
result consistent with earlier numerical experiments [e.g., Butzin et al., 2011]. In CAS2700 this throughflow
occurs down to 1000m with almost no interoceanic exchange below this depth. The eastward CAS
throughflow causes the Antilles input to drop to 8.9 Sv (Figure 3e). The balance between CAS and Antilles
throughflows varies nonlinearly as the sill shoals, indicating a threshold, between 500 and 200m that deter-
mines whether the Atlantic or Pacific is the primary source of Caribbean waters. Invasion of Pacific waters into
the Caribbean, and ultimately into the Atlantic through the Florida Strait and into the Atlantic gyre, dramatically
reduces Atlantic salinity and the AMOC, a result consistent with most coupled GCM responses to CAS opening
(Table 1). When the seaway depth is set at 50m, the net CAS throughflow is reversed (�3.5 Sv), withwind-driven
surface waters flowing westward, and no counter-current entering the seaway. Interestingly, this mechanism
does not allow an AMOC increase, as it leads to an escape of Atlantic salty waters into the Pacific, thereby
slowing Atlantic meridional transport and associated deep convection at high latitudes.

The vertical profile of density (Figure 4b) averaged over the Caribbean shows a highly stratifiedwater columnwith
rapidly increasing density down to 500m depth in all experiments, which strongly limits vertical mixing between
the subsurface and deep waters. Changes in the density gradient between 500 and 1000m indicate weak vertical
mixing, while density is relatively constant below 1000m. Surprisingly, the vertical pattern of stratification, which
remains unchanged when CAS is open, does not indicate strong sinking of Pacific waters in the Caribbean. This
result is likely linked to processes that are not accounted for in ourmodel; indeedwe acknowledge two limitations of
our model for the Caribbean basin. First, the resolution of the ocean grid causes the Caribbean subbasins to be fully
separated at depth (not shown), thereby reducing horizontal fluxes between them. Second, modeling sill overflows
is particularly difficult, as it relies on eddy processes and requires fine vertical discretization and parameterization
[Griffies et al., 2000]. Thus, although the CTL density profile compares quite well with Levitus climatologies
(Figure 4b), the deepwater overflow through the CAS and verticalmixing in the Caribbean could be underestimated.
These two limitations have consequences on simulated εNd values, as described in the following paragraph.

3.3. Response of εNd to Opening of the CAS

At the global-scale, CTL simulated values for surface (not shown) and deep-ocean εNd (Figure 5a) are con-
sistent with observations [Lacan et al., 2012], and display the interoceanic gradient between the Pacific and
Atlantic. This gradient is linked to the isotopic signatures of the margins that are very radiogenic in the Pacific
and very nonradiogenic, especially at high latitudes, in the Atlantic [Jeandel et al., 2007]. The εNd vertical
profile in the Caribbean shows CTL values increasing with depth, from �7.5 at surface to +0.5 at 3000m
(Figure 5b). There are no published deepwater modern instrumental measurements of εNd in the Caribbean,
but modern values are expected to be close to �11 [Frank et al., 2006], which would suggest our model
overestimates radiogenic values at depth. This bias is linked to the particular configuration of the Caribbean

Figure 4. (a) Vertical profile of meridional water transport (Sv) through the CAS for the 4 open-isthmus experiments. Positive values indicate
northward transport from the Pacific to the Caribbean. (b) Vertical profile of water density averaged over the Caribbean.
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in our model, in which the Caribbean behaves as a closed sea with declining horizontal velocity as a function
of depth. As a result, εNd values increase toward positive margin values (Figure 1) due to boundary exchange.
Together with model limitations expressed earlier, this enhanced boundary exchange yields artificially high
deepwater εNd values in the Caribbean. Conversely, εNd values simulated at intermediate depth in the
Caribbean appear more in line with paleomeasurements [Newkirk and Martin, 2009]. As there is no clear
physical mechanism to explain overflow of deepwater masses over shallow sills such as the Antilles, and as

A

B

C

Figure 5. (a) Simulated εNd (εNd units) for the CTL experiment, averaged between 800m and the seafloor. Circles represent modern data from
Lacan et al. [2012]. (b and c) Latitude/Depth profiles of simulated εNd across 83°W, for CTL (Figure 5b) and CAS2700 experiments (Figure 5c).
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local vertical mixing would only slightly affect the εNd values, we consider εNd at 500m (depth where
interoceanic exchanges are well represented) for the rest of the discussion.

Simulated εNd values show an overall increase in the Caribbean with an open-isthmus (Figure 5c). These
higher values are explained by the influence of Pacific subsurface inflow illustrated earlier. The EUC that
propagates into the Caribbean originates in the western part of the Pacific basin [Grasse et al., 2012; Grenier
et al., 2011, 2013], where volcanic margins imprint very high values to bottom waters [Arsouze et al., 2007;
Lacan and Jeandel, 2001]. Before entering the CAS, this water passes over Colombian margins that are also
very positive (Figure 1). Considering the simulated horizontal dynamics, Caribbean waters are driven toward
more positive values by the inflow of positive Pacific waters. In CAS2700, the εNd increase affects the whole
Caribbean down to 1000m. At the lower limit of the thermocline (500m), CAS2700 and CAS500 show a ~3.5

A

B C

D E

Figure 6. (a) Simulated εNd at 500m depth for the CTL experiment. (b–e) Simulated differences in εNd at 500m depth between open seaway
experiments and CTL for CAS2700-CTL (Figure 6b), CAS500-CTL (Figure 6c), CAS200-CTL (Figure 6d), and CAS50-CTL (Figure 6e).
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ε units (up to 5 locally) increase relative to
CTL (Figures 6b and 6c), whereas CAS200
and CAS50 show only 2.5 and 1 ε units in-
creases (Figures 6d and 6e), respectively,
suggesting a nonlinear relationship be-
tween seaway depth and Caribbean εNd.
This result is produced by the response of
Pacific input to CAS shoaling. For the four
open-isthmus experiments there are no
significant changes in εNd patterns in the
tropical Pacific, which is consistent with
the stability of eastern tropical Pacific
dynamics with an open CAS.

4. Discussion
4.1. CAS Configuration and Onset of
the AMOC

Since the pioneer modeling work of Maier-Reimer and collaborators [Maier-Reimer et al., 1990], consequences
of an open CAS on climate have been repeatedly tested with a wide range of climate models. As mentioned
earlier, most studies show that an open CAS results in a decrease of the AMOC, with declines ranging from 2
to 16 Sv. Although these numerical experiments have improved our understanding of ocean dynamics as-
sociated with an open CAS, the variety of models used and the fact that those that applied geological con-
straints on the width of the CAS through time [Herold et al., 2012; von der Heydt and Dijkstra, 2005, 2006] were
carried out before the new data fromMontes et al. [2012a], limit the ability of those models to determine the
timing of CAS constriction and the critical width and depth required for onset of AMOC.

Amongst fully coupled GCM studies [Herold et al., 2012; Lunt et al., 2008; Motoi et al., 2005; Steph et al., 2006;
von der Heydt and Dijkstra, 2005, 2006], Steph et al. [2006] have shown that a narrow (~200 km) seaway allows
an eastward water transport of only 12 Sv that does not provoke a collapse of the AMOC. Comparison with
the present study highlights the importance of the CAS configuration on ocean circulation. In Steph et al.
[2006], with a narrow CAS set at 10°N and oriented zonally (i.e., allowing zonal throughflow), Pacific waters
that enter the Caribbean originate farther north than in our simulations and therefore are more saline. As a
result, the drop in subsurface salinity linked to CAS opening barely reaches 0.5 practical salinity unit (psu) in
the tropical Atlantic [see Steph et al., 2006, Figure 2] and the AMOC is only reduced by 2 Sv. In our study, the
CAS is set at 8°N, oriented to allow meridional water fluxes, and is 400 km wide. This configuration allows (i)
the escape of Atlantic surface salty waters into the Pacific (~7 Sv), and (ii) input of fresher waters from the EUC
and western equatorial coast of South America into the Caribbean and tropical Atlantic (~ 14 Sv). The con-
sequence of this circulation pattern is a 2 psu decrease of subsurface salinity in the subtropical Atlantic,
enough to prevent advection of dense water to higher latitudes and efficient onset of the AMOC.

These differences also indicate that the CAS width that sets up the onset of a modern AMOC conditions is
likely narrower than 400 km. While simulations with higher resolution are necessary to assess the precise
width/depth combination that triggers the onset of a strong AMOC, our simulations are consistent with
proxies indicating the onset of a proto-North Atlantic Deep Water at ~12Ma [Lear et al., 2003; Poore et al.,
2006] and geological evidence of significant constriction of the CAS by the late Miocene (~12–10Ma) [Montes
et al., 2012a, Coates et al., 2004; Farris et al., 2011, Duque-Caro, 1990], thereby underscoring the importance of
constriction of the CAS as a driver of AMOC, consistent with most previous modeling studies.

4.2. Simulated εNd and Constraints on the Timing of CAS Shoaling

The εNd measured on fossil fish teeth from Ocean Drilling Program (ODP) sites in the Caribbean exhibit values
ranging from �5 to 0 between 18Ma and 11Ma (Figure 7), suggesting flow of intermediate waters from the
Pacific into the Caribbean at that time [Newkirk and Martin, 2009]. From 10 to 4Ma, Nd isotopes shift toward
more negative values, a decrease interpreted as a diminishing influence of Pacific waters as the seaway
shoaled. Our simulations confirm that Pacific waters enter the Caribbean with an open isthmus, and that the
shoaling of the isthmus leads to a decrease in εNd values. With modeled values of approximately �2.5 εNd
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Figure 7. Simulated εNd for the five experiments compared to published
Caribbean data [Newkirk and Martin, 2009]. The blue-shaded area highlights
the period when measured values for both ODP sites drop below simulated
values for a 50 m sill.
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units at 500m, no significant differences are observed amongst experiments with deep (2700m) and inter-
mediate (500m) sills. Interestingly, reconstructed Miocene values from sites 998 and 999 are less radiogenic
than these values with the exception of several radiogenic spikes between 10 and 12Ma, (Figure 7). One
interpretation of this observation is that the CAS shoaled above 500m before 18Ma. Figure 7 also shows that
by 9–10Ma, measured εNd values from [Newkirk and Martin, 2009] drop below values simulated for a 50 m sill.
This result implies that there were only shallow-water connections through the CAS at that time, in line with
the new geological data suggesting near-closure of the CAS by the late Miocene [Montes et al., 2012a]. These
interpretations need to be evaluated carefully and tested by further modeling studies with finer resolution,
since a positive bias in our model could easily shift our constraints on CAS shoaling toward younger ages.
However, even with a 2 unit positive bias (which is reasonable considering model-data differences on
Figure 5), simulated values for a 200m sill are still higher than most of the recorded values for the late
Miocene, supporting a shallow CAS by that time.

Lastly, the simulated stability of εNd values in the eastern tropical Pacific (Figure 6) is consistent with published
records that show very little variation in εNd during the Miocene [Newkirk and Martin, 2009]. This is clearly
explained by the absence of Atlantic to Pacific throughflow of intermediate and deep waters at that time.

5. Conclusions

For the first time, simulations of Nd isotopes forced by a fully coupled GCM are presented to investigate the
oceanic impact of shoaling and closure of the CAS. We show that a 400 km strait set at 8°N is consistent with a
weak oceanic meridional transport in the Atlantic and with the latest evidence for a narrow seaway since the
early Miocene. Our simulations illustrate that the relationship between water fluxes into the Caribbean and
seaway depth is nonlinear and that a subtle balance between Panama and Antilles gateways determines the
main source for water masses in the Caribbean. Simulated εNd values show that the seaway depth determines
Caribbean subsurface isotopic compositions A first order comparison of simulated εNd with published data
from the Caribbean helps constrain the timing of CAS shoaling. We suggest that by the late Miocene, most of
the sill was uplifted above 200 m, but even at that depth there was subsurface inflow from the Pacific into the
Caribbean. We acknowledge that these model-derived constraints on the timing of the CAS are sensitive to
model uncertainties. Our model has two primary sources of uncertainty, which are linked to the rather coarse
(2°) resolution and tomargin εNd values. Uncertainties about the evolution of thesemargin values throughout
the Cenozoic also exist, and future work could be better constrained by new data on margin values through
time, as well as high resolution modeling to improve representation of Caribbean subbasins and processes
linked to sill overflow. Ultimately, tests with narrower seaway openings would provide new information
concerning the exact thresholds driving the onset of AMOC.
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